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Abstract

The objective of this study was to assessthe functional
performance of prototype miniaturized propulsion components for a
spacecraft aftitude control cold-gas propulsion system under flight design
conditions. Greater than 60,000 cycles of testing over the temperature
range of -?20 to+ 70C were carried out on a breadboard system. The
results provide confidence that components canbe developed and
qualified that will provide robust solutions for future decp space
exploration mission requirements.

Nomenclature

1- current

P - pressure

T - thruster, temperature
t- time

V - valve, voltage

Introduction

Propulsion systems for new classes of miniaturnized spacex raft
for outer planet and deep space exploration will have to be lighter, use
less power, and mect the greater life-times, duty cycles, and
environmental extremes. In attempting to draw upon and extend

technology originally developed for other applications fora long-term™

space probe to the planet Pluto, a major question mark is the ability of
the technology to be extended to meet the above requiren rents. Prototype
miniaturized propulsion components for a spacecraft attitude control cold -
gas propulsion system had been developed earlier under a Pluto Fast
Flyby Advanced Technology Insertion (ATI) prograni.!’ The objective
of this study was to assess the functional performance of these
components under the flight design conditions.

t

The study consisted of dynamic tests of the individual
components and cycling tests, cruder ambient and flight design
tempesature conditions, of the components assembled into a breadboard
cold-gas propulsion test system. Customized computer systems were
usedto actuate and pulse the latch- and Lhmster-valve% and to acquire the
measuwremeat resulls  (pressure, temperature, actuation voltage, and
current draw). Acceptance tests were performed on the individual
components a ambient temperature and at the test conditioning
temper ature: prior to each cycling test to assess any degradation in
performance with  conditioning temperature and cycling.

Dynanuic Tests

The prototype components, which were described in Ref. 1, are
listed 1n Table I:

The o intact for the development and delivery of each component
contained a set of prototype specifications and functional requirements,
1 ables 2-5. Each contractor was required to functionally test one of the
delive red units to show compliance with the prototype requirements. In
addition, each contract contained a set of flightdesign requirements,
whichincluded radiation (17 krad), temperature range (Tables 2-5),
vibration (TI'able 6), and operational lifetime (9 years, rein). The
contractors were not required to demonstrate qualification to these latter
flight requirements. Instead, in their final reports they were to describe
any potential design revisions or tests they felt would be required before
doing so.

The service valve contractor elected to add dynamic testing to
he required acceptance tests and S/N-1 successfully completed the flight
design requirements.

Following delivery at JPL, holding fixtures were fabricated and
one of each of the remaining components (S/N 002 in each case) was
dynamically tested.l he launch environment was better defined by this

Table 1. ATI Propulsion (’opponents

— PR— ——

Seria No.

{Componentt Manuiacturer Model No. Functional
Requirements
Service Walvee Futwrecrafi Corp. 50558 1 & .2 -Jable 2
LatchWadive Moog,, lnc. 51 X17(I 001 & 002 Table 3
Pressure RReggibdsosr | Moog, Inc. 50X7 13 00} & 002 1 able 4
58x125 00 | &00? Table 5

Cold Gas Thrusterr

Moog.. Ine.

*Associate FElldw ATAA

Copyright©1994 by the American Institute of Aeronaubics and
Astronautics, Inc. All nights reserved,



Table 2. Service Valve Prototype Functional Requirements _

- Pressures:
1.5 X MEOPF proof
2.5 X MEOF burst

- Temperatures:

0102.1 MPa (O to 300 Psi) operating (MEOP)

5t045° C (41 10 1 13°F) - prototype operating

-20 t070°C (-4 to158°F) - fight non-opt rating

- | eakage: uncapped, primary seal closed; [X 10* sce/s GN, (muax)
capped, seat opcn;1310°*scc/s GN, (max)

[ife Cycle (open and close =1 cycle) =100 (min)

The "running torque’, i.e. , torque on the actuation nut while opeiung or closing the valve, shall not

increase more than 20% from the first 10 the 100th cycle.

T able 3. Latch Valve Prototype Functional Requirements

0102.1 MPa (O te 300 Psi) opcrating (MEOP)

- Pressures:
1.5 x MEQP proof
2.5 x MEOP burst

- operating 5t045°C (40 to 1 13°F) - prototype

Temperatures: -20 in 70°C (-4 to 158"1') flight

- Flow rate: 2 sVruin. GN, max at 48.3 kPa (7 psia) inlet pressuic and 14kPa (2 psid)
differential pressure

- Leakage: internal; 0.01 see;/n,Irl. GN, (max)at2.1 MPa (300 Fsi)
external; 1x10 *scc/min. GN,(nax)

- Voltage: 281 4 Vdc opeaing or closing

- Power; 15 W per coil (mm.) at20°C (68°F)

- Response: 50 ms (max) with 24 Vdc opening or closing at45°C (1 13°F)

- Cycle life: 5,000 total (min)

Table 4. Pressure Regulator Prototype Fune lion al Requirements
- Pressures:
Inlet: 2.0/ to 0.345MPa (300 to 50 Psi) operating
3.2 MPa (450 Psi) pioof
5.2 MPa (750 Psi) burst
Outlet:

34.5 kPa (5 Psi) i 6%at 1.0 sl/niin. flow rate, regulated “
48.3 kPa (7 Psi) max lock-up
2.07 Mpa (300 Psi) proof
3.5 Mpa (500 Psi) burst

- operating 510 45°C (40 to 113°}F) - prototype

Tempt.ralures:

-20 to 70°C (-4 to 158°F) - flight

- Flow rate: 2 sl/min. GN, max atregulated piessure
- leakage: internal; 0.01 see;/njin GN, {max) at 2.1 Mpa (300 Psi)
external; Ix 107 scc/min. GN, (max)
_- Cycle life: 15,000 regulated cycles (nuin)

time, and an analysis was performed to determine a revised set of
qualification test levels for the panel-mounted propulsion module
components (valves and regulators) and the strut-mounted cold gas
thrusters. The revised levels are indicated in1 able 7. Comparing the
random Vibration levels withthe earlier flight designrequirements, the
thruster levels were unchanged and the final panel components level (0.5
g?/Hz) was double the earlier requirement.

The panel components assembly (PCA) and cold gas thruster
were subjected to the. Table 7 sine. and random vibration testlevels in
each of their 3 principle axes, asshown schematically in Figure 1. T be

latch valve was tested in the closed position with 5 psi nitrogen at the
inlet and a bubble meter tonne.:tcd to the outletto monitor leakage, as
shown in Figure 2. The pressure regulator and cold gas thruster were
tested “dry”.

Typical sine and random vibration sequences are shown in
Figures 3 and 4. In each of the3 principle axes tests the latch valve
remained closed, with no indicated leakage, during the sine vibration, but
abruptly unlatched to the open position during the random vibration. In
Y and 7. axe. tests (nonmalto the valve centerline) the unlatching
appeared to occur when the test went to the maximum, 0.5 g'/Hz




- Pressures:

Opecrating

Tenperatures:
- Thrust Rating;
-Flow rate:

-1 eakage:

- Voltage:

- Power:”

- Response Time:

- Max. Continuous
On-Time:

- Cycle life:

Table 5. Cold- gas T hruster Prototype Func tional Requiren \ents

0 to 34.5 kPa (0 10 5 Psig) operating
2.07 kPa (300 Pst) proof
23.5 kPa (500 Psi) proof

-20 to 45°C (-4 10113 °F) - prototype
-451070°C (-49 to 158°F) - flight

4.5mN (0.001 1bf) 420% at 34.5 kPa
(5 psig) GN; nomiinal inlet pressure

8gls (0.0146 SCEM)GN, (mar)at 34.5 kPs
(5 psig) and 20°C (68°})

internal; 0.01 scc/min. GN, (max) a 34.5 kPa (5 Psig)
external; 1x10°* sce/min GN, (max)

?8 4 4 Vdc opeiating
20 Vdc (max) Pull-in at45°C (113°F)
3 Vdc (rein) drop out at45°C (113"1)

actuation; ]0 W (max) at 28 Vdc and 20°( (68" })
holding; 1 W (max)at 10 Vdc and 20°C (68°F )

.<2.5 mswith 74 Vdc fiomsignalto full open or closeat 45°C (113"P)

30s (min)

15,000 cycles (min)

I"able 6. Vibration Design Requirements

Sinusoidal
FREQUENCY (1z2) REQUIREMENTS ﬂ
5-20 1.91 cmD. Al Displacernent
15, (J g 010 peak:

Design sweep rate: 2 octaves/minute (once up and down in frequency) neach of three orthogonal axes.

D.A.- Double Amplitude

Random
FRE()l)!;.rl;lrc;’ (ilz) P _}\TI_E)’LLIE{_I_MLNL § ) B
20-%0 o . d6dBloctave -
8-300 [ OBgrtMz
1000 - 2000 e | . ‘12dBloctave ]
| Ovell N Vg .

Design duration: 3 minutes/axis in each of threc

vibration magnitude. The valve was electricaly re-closed after each test
and the bubble meter showed no change in leakage rate. FFurther results
will be discussed in the next section.

Thermal Cycling Tests
Breadboard Cold-Gas Propulsion Test System

A breadboard cold-gas propulsion test system wasdesigned and
asse mbled, and the Rluto AT] spacecraft propulsion components we re
cycled a total of 60,000 times under ambient and designtemperature
conditions The system is shown schematically in Figure S and
pictorially m ¥Figures 6 and 7. The gas reservoir was pressurizedto 300

orthogonal axes

psi, viamanual valve V1, with nitrogen gas that had passed through a
0.4 nn<ron high capacity Millipore filter. The gas passed from the
reservoir to the two cold gasthrusters through a system filter (2 micron
effective, 10 micronabsolute),latch valve V2 (S/N 002), pressure
regulator, latch valve V3 (SN 001), and line filter (10 micron effective,
25 micyon absolute). A flow meter sensor was installed aft of the
reservolr, butwas notused for these tests since the flow rates of the
individual thrusters had been previously calibrated by the manufacturer
(0 34?7 SI.PMat 5 psi inlet pressure). The two service valves, V4 and
V5, were used asaccess ports to measure the leakage of valves V2 and
V3with the bubble metes

Nozzle plug fittings, shownnstalled in Figure 6, allowed the
thruster valve leakage rates to be measured with the bubble meter or a



Table 7. Propulsion Coraponent Vibration Qualification Test I evels

Sinusoidal Vibration

Cold-Gas Thrusters

PCA Panel Components

Vibrate in cach of three orthogonal axes.
Sweep in one direction @ 2 octaves/minute.

Frequency (Hz) o Level
5-28 0.751n. D.A.
28-44 30 g O pk
44-100 15 g 0 pk
5-20 0.75in. D.A.
20-100 15 0 pk

Random Vibration

Cold-Gas Thrusters

PCA Panel Components

Vibrate for three minutes in each of threc orthogonal axes.

S |
SOLENOID REGULATOR
X< Yg 20 XQYg 7o

PCA PANEL COMPONENTS

COLD GAS THRUSTER
Xe> Y3 20

Fig. 1. Axis Definition and Accelerometer [.ocation

helium leak detector. All components, tubing. and fittings were cicaned
to the D2 Jevel.

Beside leakage rates, measurements consisted of the reservoir
pressure and temperature (PlandT1), static pressure and temperature
fore and aft of the pressure regulators (P2, T2/P3,713), and the actuation
voltage and current for the two thrusters (T1V, T1 A, and 12V, 12A).

P 1 and P2 were Taber pressure transducers,P3 a short time response
Statham transducer, and copper constantan thermocouples were used for

__ Frequency (H2)
20-80
80-1 000 0.25 g’MMz
1000-2000 -12 dB/oclave
o Overall: 17.6 pois
20-80 4 6 dB/octave
80-400 0.25 g'/Hz
400-500 + 9dB/octave
5DC-1000 0.50 g’/Hz
~1000-2000 -12 dB/octave
Overall: 22.8 grns

1 ig. 2.Bubble Meter Setup for Latch Valve Shake Tests

all temperature measurements. Thruster current was determined by
measuring the voltage drop across a 5 ohm resistor in the actuation

circuit,

‘I'he breadboard system is shown instaled in its temperature
conditioning chamber in tigure 8. Thetest control and data acquisition
system is shown in | igure 9. Actuation of the latch valves and pulsing
of thetwo cold-gas thrusters was controlled hy a l.abView
computei/power sul,Jly/valve driver Syste mi. The valve driver circuit,
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Fip. 5 ATI Breadboard Test System

shown schematically i Froare 10, was a simphitied version adapted trom
plans provided by the latch valve and thruster nonuofactures

[he data acquisition system was a second LabView computer
operating at two samphing rates. The thruster valve voltage and cupent
and the repuliatedepressure, P30 were vach unpled approximately 4
tmes @ second . the balance once a nonute. A digital ocalloscope was
also wsed 1o penodhically record the thruster vadve voltage and current

trace pulses for opening tesponse-tie deternnnation

L atch Valve

Pressure
Yransducer )
e & Bgyen. : ——t ¢ M“"‘ toam... o
. "
) t o Pressure
Service Valve (0‘ . o~ Regutator
el s VR

L atch Valve

Thrusters

Fig. 6. Breadboard Cold-Gas Propulsion Test System - Front View

Pruessure Flow Meter
Transducers

Fig. 7. Breadboard Cold-Gas Propulsion Test System - Rear View

Test Provedure

The breadboard system was cycled at ambient teinperature and
the prelimnary flight sequirement temperatures of -20°C and + 70°C.
The ord: ¢ of the testing was av shown in Table 8:

Rasically, what waus felt to be the most entical of the AT sunatunzed
compon: nts acceptance tests were petformed at ambient temperature and
at the test condiioning tenmperature pror o cach oyching test. Table 9

shows the order of these aceptance tests

le st Reults

Lhe predicted thraster daty oyele had mereased consderably
beyond the prototype tunchional requirement of 15,000 cycles. As
tndicated previousts Cthe teo throsters were pulsed a totat of 60,000
tunes G Y94 represeoteanve duty cyele) 10,000 at ambient
teiperaure, DS 000 02070 (0 F), 15,0060 4t 707C (1587F), and
20,000 «t ambrent The throsters were pulsed at a penod of 1 second
L0 s om, 900 ms ot an nnpulse bit of approxinudely S0 x 1078 N s
lu pre-test chieck-out of the breadboard system, 1t was discovered that the
SIN 007 pressure repulator had been aftected by the vibration testig it




Fig. 9. Test Control and Data Acquisition System

bad undergone. It Would 1ot open (remained in the lock-up position) to
allow gas’flow through it. It was removed from the breadboard systetn
and the non-vibrated S/N 001 regulator installed and used in the
subsequent tests.

The latch valve internal leakage measurement results are listed in
Table 10. No measurable leakage (NM1.) could be detected for either
latch valve before or after the first 10K ambient temperature cycles. Al
-20°C V2, which had been dynamically tested, would not open. Raising
the temperature back to 20°C alowed the valve to be opened. The
amend latch valve, V3, had a gross leak at -20" C which exercising the
valve didn't correct. At the subsequent ambient acceptance test V2 could
not be closed, and itremained in the open position for the. balance of the
test program. No mieasurable leakage was detected for V3 here and for
the balance of the test series.

The internal leakage measurement results for the two cold gas
thrusters are shown in 1 able 11. T2, which was dynamically tested,
showed no measurable leakage throughout the testseries. Helium leak
checks before and after yielded 3.2 x 10° and 2.0 x 10* seels,
respectively. Tldeveloped a detectable leakage - 6 to 7 x103sce/min.

LATCHVALVE (4-2 OPEN, 2 £LOSE)

— '3

22222 BT :
’ * DC POWER
- SUPPLY

= 47K 0
1N4004
IROM GCOMPUT[ R
10 VAL W

——o

THRUSTER VALVE (?)

DG POWER o 2N2955

SUPPLY /

ar
o %l

70 THRUSTER
VALVE

FROM COMPUTLR

Fig. 10. Valve Drive Circuit

GN,, still below the prototype technical specification value of 102
scc/min. GN, - over the final 20K ambient temperature cycles.

The pull-in and drop-out voltages (Table 12), measured to 21V,
for the two thrusters showed little or no deviation over the span of the
test series

Table 8. Testing Order

1. Ambient Temperature 1 est

a  Component Acceptance Tests
b. Thruster Cycling (I OK)

2. Cold Conditioning emperature Test (-20°C)

a  Component Acceptance Tests - Ambient Temperature
b.  Component Acceptance Tests - -20°C
c.  Thruster Cycling (I SK)

3. Hot Conditioning-1 emperature Test (70°C)

a.  Component Acceptance 1 ests - Ambient Temperature
b.  Component Accep tance Tests - 70°C
C. Thruster Cycling (I SK)

4.  Repeat Ambient Temperature Test

a  Component Acceptance Tests - Ambient Temperature
b.  Thruster Cycling (20K)
c.  Component Acceptance Tests - Ambient 1 eniperature
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Table 9. Order of Component Acceptance ‘1 ests

1 Measure leakage of latch valve V? (bubble meter) over period of 10 minutes.
2. Measure leakage of latchvalve V3.
3. Measure leakage of thruster T1.
4. Measure leakage of thruster 12.
5. Measure pull-in and drop-out voltage of thruster T1
6. Measure pull-in and drop-out voltage of thruster T2
7. Record regulator pressure lealage over period of 1/2 to 1 hours
8. Measure regulator regulationband, with two thrusters pulsing, overinlet pressure
B range of 300 to SO psi.
Table 10. Latch Valve Internal 1.eakage Results
Functional Requirement: 0.01 s>¢/min.GN, (max) a 2.1 MI's (300 Psi)
Moog 10K cles 15K 15K 20K
Acceptance
admin. G N, Amb. Anb. | 4°F Amb. 158°F | Amb.  Amb.
V2 6.67x1(P NML | NML | NML Stuck in open -
(300 Psi) (wouldn’t position
open)
V3 0.0 NML | NMIL | Gross leak NML. NMI. | NML.  NML
(5 Psi) (300 Psi) 1 »
T - NMI V.Ailr’;lic:iieacurable l‘eakage
1 le 11. Thruster Valve |nternal |.eakage Results
Functional Requirement: 0.01 sco/min. GN, (max) at 34.5 kFPa (5 Psig)
Moog 10K cles 15K 15K 20K
Acceptance
scc/min. GNy Amb. Aub. | -4°F Amb. 158°F | Amb. Amb.
Tl 1.0x10* NMIL. NML. | NML NML NMI. | NML 7. MX103
6.0x10?
T2 7.4X10% NMI. NM1. | NML NML NMI NML. NML
3.2x1 (19 2.0?.10
scel/s He sce/s He

NMI. Vo Measurable Leakage

Table 12. Thrustar Valve Pull-In and Drop-Out Voltages

Functional Reguirements:
Pull-in; 20 Vdc (max) at 45°C (113°1)
Drop-out; 3 Vde (min) at 45°C (113°F)

Moog
Acceptance
10K cycles 15K 10K 20K

0%k Amb, | -a°F Amb. 158°F Amb. Ani
T1  Pullin, V 133 1541 15 15 15-16 16 15
Drop-out, v 4.3 4 5 4-5 5 4 5
72 Pull-in, V 14.6 15 16 16 16 16 15
Drop-out, V 73 8 7 8 9 9 8-S




Figure 11 shows voltage and current pulse traces for the two
thruster valves - taken atthe cornclusion of the 60,000 cycles, but
essentially unchanged throughout the senies. Table 13 shows
representative actuation voltage, current draw, and power values for the
respective conditioning temperature cycles. The excitation voltage was
held at the thruster manufacture.r’s acceptance test value of 23-24 volts.
As shown, the current drawn by the two thrusters increased at -20°C and
decreased at 70°C.

The opening response time (time delay from energizing to
opening of thrustes valve) for thetwo thrusters is indicated by the
inflections in the high sweep-rate voltage and current traces inFigure I2.
These sweeps were aso takennear the. conclusion of the 60,000 cycles.
The results for the respective conditioning temperature cycles ase
tabulated in Table 14. The opening response times were < lms
throughout the test series and the final values were essentially identical to
the manufacturer’s acceptance test results. Valve closing response tinies
for thelatter were _< ?S0 ms.

CHl  Se%eV

1 (0.1 amp. /div

v (5 volts/div.) - : :
€7 ACQUISITIONS
== SAVEREF SOURCE

TIME (20 ms/div.)
T2
cHs S80aY A 20 32,0u07 EX1
2

1 (0.1 amp. /div.)

V (5 volts/div.) —t b it
.60 ACQUISIVIONS  OY B4
ST SRVEAEY NURCE T

"2

TIME (20 ms/div.)

ng. 11. Thruster Valves Voltage. and Current Pulse Traces

The results of the pressure regulator lack-up feakage tests are
tabulatedin Table 1S. 1 heinitial acceptance test showed a drop in the
lock-up pressure, 3'3. of 0.03psi (0.7S% ) over a period of 1 hr.,
indicating thatthe outletline fittings leakage excecded that.Of the
regulator. Thehigh values for the pre-70° C anibjent temperature tests
are probably attributable to the pressure transducer not being adequately
warmedup. | he lock-up pressure rose 0.3 pst, a 5.7 % increase, m 15
min. at the pm-test 70°C temperature condition, indicating a de finite
Ieak.’lh(POS"70°Cacceplance test at ambient temperature showed 00
change over 3( | min. The final acceptance testshowed a low 0.G3pst
(0.5 S%) drop over a peried of 2 hr.

The lock-up/regulated pressures with the two thrusters cycling,
measured over a regulator supply pressure, range of 300 to 50 psi, are
tabulated 1n Table. 16.The regulated pressure results, plotted in Figure
13, fell within the technical specification of 54 0.3 psi. A standard
deviation of 4 0.03 psi over the 250 psirange ininlet pressure was
determined for the mostcomplete data sets.

’l r tpeningRe sponse Time (0.7 ms)
T

1(0.1 ap./div.)

Q——-—v-‘--—-i-—;——:- - - -
3 ACQUISITIONY | OY B43D 36K S
ecses i SNWRER BOURCE Fovomm | STACK

TIME (0.5 ms/div.)

v (5 volis/div.)

[(0.1arp. /div.)

i
107 D430 a7n 231
“~ ) { I BIACK
s | aer

V (5 volts/div.)

TINE (0.5 ms/div.)

Fig. 12. Thruster Valves Opening Response Times

Table 13. Thruster Valve. Actuation Power at 23-24 Vdc Excitation Voltage

Functional
Moog
Acceptance

70°1

Tl Voltage, V 24
Current, A 0.28
Power, W 6.27

T-2 Voltage, V 24
Current, A 0.28
Power, W 6.27

10K cycles 15K 15K 20K
Amb. -4°F 158°F Amb,

23 23 23 24
0.26 0.29 0.24 0.27
5.41 6.72 4.61 5.83

23 23 23 23 24
0.26 0,79 0,30 024 0.26 0.28
541 6.72-7.20 4.61 541 6.27

Require ment: 10W (max) at 28 Vdc and 20°C (68°F)




T able 14. Thrusler Valve Opening Response Time

Functional Requirement: <2.5ms with 24 Vdcat 45°C (113°F)

Moog 10K cycles 15K 15K 20K
Acceptance
70°1 Amt . -4°F 158°F Amb.
T1 0.66 ms ‘71 <1 <1 f).7

7 | e | - 1

1.1
Table 15. Pressure Regulatot Lock-up 1 eakage Test Results

Functional Requirement: 0.01 scc/min. GN, (rax) at 2.1MPa (300 Psi)

P3, Psig
10K cycles 1K 15K 20K
Time, min. Amb. Amb. -4°F Amb. 158°F Amb. Amb.
0 5.36 5.35 5.38 7.2? 5.30 531 5.43
7 5.37 5.46 |
15 5.35 5.34 5.34 7.20 5.59 5.31
30 5.34 7.20 5.31 |
45 5.33 |
60 5.32 j
| !
120 5.40
Net Reg. e Leaking - .-
| eakage o B
Table16. Pressure Regulation Band Test Results
$/N 001
Functional Requirements:
Lock-up; 7 Ps (nuax)
Regulated; 54 0.3 F'siat 1.0 sl’/min
P3, Psig
__lock-up/Regulated at 0.7 sl/min
10 cycles 15K 15K 20K
P2, Psi Amb. -4°F __Anmb. __158°F Amb. Amb.
300 5.2915.19 5.3315.7? 5.32/5.20 5.20/5.13 5.7715.22 5.31/5.22
2.50 5.31/5.21 5.38/5.2¢
200 5.3315.23 5.40/S.78 5.3415.23 5.2?15.17 5.7915.22 5.33/5.23
150 5.34/5.24 5411s.
100 5.35/5.26 5.41/5.30 5.3515.24 5.23/S.17 S.311S.20 5.35/5.25
so 5361528 | 5.40/5.31 5.2415.17 5.3ls. 71 5.3 S15.26
Mean 5.3315.24 5.39/5.28
Std. dew. 30.026140.033 4 0.031/j 0.033
The decrease in the regulated pressure with increasing 60,(X)0 times (prototype functional requirement - minimum of 15,000
temperature iS aswas observed in the manufacturer’'s acceptance tests. cycles): 10,000 at ambient temperature, 15,000 at each of the flight

design tempe ratures of -20°C and 70" C, and 20,000 at ambient
tenuperature. The following problems were encountered (1) the shaken

Summary latch valve would not open 2t -20°C and later failed in the open position;
(2) the second, unshakenlatch vave exhibited gross leakage at -20°C,
Dynamic testing of one of eachcomponentresulted in unlatching probably not fully closing, and (3) the pressure regulator leaked about
of the latch valvegtthe maximum random vibration level of 0.5 g’/Hz + 0.02 psi/min. in the lock-up condition a 70°C. Other than an increase
(double theprototype flight design requirement). and the pressure in leakage (still withinspeic) of one thruster valve over the final 20,000
regulator would notopen following testing. 1 he breadboard cold-gas cycles, the performance of the two cold-gas thrusters remained

propulsion test system with the second, unshaken regulator was cycled essentially unchanged throughout the 60, 000 cycle test series.
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Fig. 13. Regulation Band Test Results

Diagnosis and Modification
The prototype latch valves and pressure regulators were returned
10 the manufacturer for examination.

Latch Valve

The shaken latich valve was first checked at room temperature.
Opening and closing performance was normal and leakage was measured
to within specification. The valve was then tested in athermal chamber.
The test consisted of cycling the valve cope and closed data frequency of
1 Hz while lowering the temperature from 29°C (75°}F) to -18°C (0°F)
and returning to 24°C. The valve operated normally during the
temperature descent to about -7” C. At -9° C the valve began to operate
erratically, appearing to operate at only one-half its stroke. At -15°C the
unit barely closed, and at -18°C it from in the open position,
substantiating the JPI. cold temperature failure. During ascending
temperature, erratic operation resumed at -7°C arrd pormal operation at
10"C.

Disassembly of the valve revealed longitudinal wore marks on
the inner surface of the valve poppet Vespel sleeve. Measurement of the
parts showed them to be within tolerances, but towards the niinimum
clearance. The sleeve was refurbish by reaming the I.D. to the bigh
side of the diametraltoletance. Following reassembly. the valve was re-
tested in a manner similar to the initid failure substantiation test, down
to a temperature of -23°C. The valve operated normally throughout the
test.

Pressure Regulator

Examination of the shaken regulator revealed thatthe "ny-lock”
thread locking mechanism for the spring adjustment nut had allowed the
nut to move dlightly, enough 10 prevent the regulator from opening. A
positive thread locking mechanism was designed and iniplemented.
Dynamic testing of the modified regulator was repeated at JP'l.usingthe
test configuration shown schematically in Figure 14. 1 able 17 lists the
lock-up and regulated pressure values measured between each shaker
test. The approximately 5 % shift in regulated pressure would be
acceptable

Conclusions
There appear to be no technical obstacles in miniaturizing

passive propulsion components like service valves, with resultant
considerable weightsavings
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Fig 14. Dynamic 1estSet-Up for Modified Pressure Regulator
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T he miniaturization of latching type valves increase-s the
challenge of balancing the actuating and latching forces to hold the valve
armature in the last comnanded position, and of maintaining adequate
diametral clearance between any sliding parts, under all dynamic and
thermal envirenmen (4] conditions.

A miniaturized prototype pressure regulator demonstrated the
ability tomeet a nanow regulated pressure band (4.5 %) at low outlet
pressure, 34.5 kPa(5 psig), andflow, 0.35SLPM, conditions over a
widerange Of inlet pressure and conditioning temperature.

1 he smallinternalt displacements in low outlet pressure/flow rate
mechanical-type pressure regulatorsincrease their susceptibility to
malfunctic,n under dynamic environmental conditions. Slight dislocations
of the intc mal mechanism < willalter their operating performance, i.e,
ability tomeet the functiona requiremeats. Electronic “bang-bang” type
systems should continue to be developed asan alternative pressure
regulation, approach.

A robust cold-gas thruster valve-seal design has been developed
that demonstrated low leakage, operating repeatability, arrd high
operating cycle life.
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Table 17. Post-Dynamic Testing Pressure Regulation T est Results,
Modified Regulator S/IN 002

Functional Requirenients:

Lock-up; 7 Psi (max)

Regulated; 5 ) 0.3 Psiat 1.0 sl/min.

Description

Pre-test

Y axis sine vibration

Y axis random vibration

7.axis sine vibration

7.axis random Vvibration

{ axis sine vibration

{ axis random vibration

P : 300Pbsig
inlet
T = ambient
> ey
)outle(' bsig
Lock-up/Regulated al 1-1/4 sl/min.

5.00/4.75

5.00 | 4.75

4.90 4.55

4.80 455




